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EXPLAINING THE TYPE la SUPERNOVA PTF llkx WITH 
THE CORE DEGENERATE SCENARIO 
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ABSTRACT 



We argue that the multiple shells of circumstellar material (CSM) and the 
supernovae (SN) ejecta interaction with the CSM starting 59 days after the ex- 
^| plosion of the Type la SN (SN la) PTF llkx, are best described by the core- 

degenerate (CD) scenario for SN la. In the CD scenario the super-Chandrasekhar 
mass white dwarf (WD) is formed at the termination of the common envelope 
phase from a merger of a WD companion with the hot core of a massive asymp- 
^ ' totic giant branch (AGB) star. In most cases the WD is destructed and accreted 

onto the more massive core. However, in rare cases where mergers take place 
when the WD is denser than the core, the core will be destructed and accreted 
onto the cooler WD. In such cases the explosion might occur with no appreciable 
delay, i.e., months to years after the termination of the common envelope (CE) 
phase. This, we propose, is the evolutionary route that lead to the explosion 
q| of PTF llkx. The CD scenario can account for the very massive CSM within 

~ 1000 AU of the exploding PTF llkx star, for the presence of hydrogen, and 
1 for the presence of shells in the CSM. 
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INTRODUCTION 

^ ; Observations and theoretical studies cannot teach us yet whether all three scenarios for 

the formatio n of Type la s upernova (SN la), or only one or two of them can work — e.g., 
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2010 


), 


Howell 


( 


2011) 
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described as follows, (i) In the single-dege nerate (SD) scenario (e.g.. IWhelan fc Ibenl 11973 
Nomotdll982l ; lHan fc Podsiadlowskil I2004J ) a WD grows in mass through accreti on from a 
non-degenerate stellar comp ani on, (ii) In the double-de generate (DD) scenario (IWebbink 
1984 ; llben &: Tutukovlll984j ; see Ivan Kerkwijk et al.ll2010l for a paper on sub-Chandrasekhar 
mass remnants) two WDs merge after losing energy and angular momentum through the ra- 
diation of gravitational waves. (Hi) In the core-degenerate (CD) scenario for the formation 
of SN la the Chandrasekhar or super-Chandrasekhar mass WD is formed at the termination 
of the CE phase, or during the planetary nebu la phase, from a merger of a WD compan- 
ion with th e hot core of a massive AGB star (IKashi &: Sokerl 1201 It lllkov fc Sokerl 12012a 



Sokeri boilh. The merger of a WD with the core of an AGB st ar was studied in the past 



flSparks fc Stecherl 11974 ; iLivio fc Riessl 120031 : iTout et al.ll2008f ). iLivio fc Riessl f l2003[ ) sug- 
gested that the merger of the WD with the AGB core leads to a SN la that occurs at the 



end of the CE phase or sh ortly a: 



to its rapid rotation (e.g.. lAna nd 



Yoon fc Lan gcr 20 051; lLoren-Aguilar et al 



;er, and can explain the presence of hydrogen lines . Due 



1965 



Ostriker fc Bodenheimerl 119681 ; lUenishi et al.l 120031 . 
20091 ). and possibly very strong central magnetic 



fields (e.g.. lKundu fc Mukhopadhyayil20I2l ). the super-Chandrasekhar WD explosion might 



be substantially delayed. 



The recently observed SN la PTF llkx flDilday et al.ll2012l ) has narrow lines, includ- 
ing hydrogen lines, and indications of interactio n with the a massiv e circumstellar medium 
(CSM) which starts 59 days after the explosion. iDilday et al.l (120121 ) argued that PTF llkx 
can be explained by the SD-scenario for SN la. They dismiss the CD scenario on several 
grounds, like that it cannot account for several CSM shells. We find this unjustified in 
section [21 

The destruction of the WD and its accretion onto the core while the core is still hot 



might prevent an early ignition of carbon (lYoon et al.l 120071) , which is one of the theoretical 
problems of the DD scenario (e.g.. lSaio Sz Nomotoll2004l ). However, in the case of PTF llkx 
ignition of the merger product is required quite early, within ~ 30 yr from the CE ejection. 
We therefore consider in section [3] the possibility that in the case of PTF llkx the core was 
destructed onto the cooler WD. In cases when the hot core is destructed onto the cooler WD 
and explosion occurs shortly after merger. Thus, there is no delay by spin-down or emission 
of gravitational waves, and the CD and the DD scenario overlap. In section H] we show that 
these cases can eject a massive envelope and account for the frequency of such SN la. Our 
summary is in section |5j 
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2. THE CIRCUMSTELLAR MEDIUM (CSM) 



Starting 59 days after the explosion, iDilday et al.l ( 120121 ) detected a group of absorption 
lines (Na I, Fe II, Ti II, and He I) and Ha and H/3 P-cygni lines at a velocity shift of 65 km s -1 . 
Ca II H&K absorption line was detected with outflow veloc ity of 100 km s~ l . A group of 
emission lines (H, He, Fe, Ti) at 100 km s _1 as well, and IDilday et al.l ( 120121 ) suggested 
they arrive f r om th e same location as the Ca II H&K absorption line. This, according to 
Dilday et al.l (120121 ). indicates the presence of multiple CSM shells interacting with the SN 
ejecta. Adopting an ejecta velocity of 25 000 km s _1 they deduced that the ejecta-CSM 
interaction starts at a distance of ~ 10 16 



cm. 



Dilday et al.l (120121 ) suggest that PTF llkx is a t ype la SN formed by the SD scenario. 
A claim that wa s raise d also in the theoretical work of lHachisu et al.l (120121 ) . In the scenario 
of IDilday et al.l (120121 ) the CSM structure is assumed to originate from recent recurrent 
nova eruptions whose ejecta sweeps the w i nd of a giant companion. Based on the saturated 
Ca II HK absorption lines IDilday et al.l (120121 ) calculated the CSM mass to be Mcsm — 
5.3kM Q , where k is the covering fraction. Since the SD scenario cannot account for such a 
high mass, as the wind from a giant star cannot explain such a mass within ~ 1000 AU, 
they argue that fc<l and the mass is much lower than 5M Q , but give no specific number. 
However, to obtain a saturated line the absorbing gas should cover the expl oding sphere. 



and h ence it is required that k > 0.25. We conclude, based on the analysis of IDilday et al. 
(l2012h . that M CSM > 1M . 



SN 2002ic (jHamuy et al.l 120031 ) was also classified as a SN la, but with strong and 
broad, FWHM of > 1000 km s _1 , Ha emission. The Ha emission suggested that it arose 
from an interactio n between the SN ejec ta and a de nse H-rich CSM of a mass of ~ 6M & 
(jWang et all 120041 ) . iNomoto et all (120051 ) — see also iNomoto et all (120041 ) — developed a 
model to account for the light c urve and sugg e sted t hat the CSM mass is ~ 1.3M and 
is non spherical or very clumpy. iLivio fe Riessl (120031 ) proposed that SN 2002ic represents 
a rare case in which the explosion occurs during (or imme diately following) the CE phase, 
and the critical mass limit is reached by core- WD merger. ILivio fe Riessl (120031 ) considered 
this scenario to be a subtype of the DD scenario. However, a merger while the core is still 
hot and there is no time delay due to gr avitational waves emi t ted by a double-dege nerate 



remnant is now termed the CD scenario (IKashi fe Soker 



has some fundamental differences from the DD scenario (ISokerll201ll ). 



2011 



Ilkov fe Sokerll2012al ). as it 



SN 2005gj is another member of SN la with hydro gen emission ( Aldering et al.l 12006 



Prieto et al.l 120071 ) . and an aspherical or clumpy CSM (lAldering et al. 



20061 ) . As days from 



the explosion passed, more emission lines of the hydrogen Balmer series and He I lines were 



detected gradually, what may indicate the presence of a few layers of CSM. lAldering et al. 
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( 120061 ) estimated the mass in an Ha shell to be 
be larger. 



0.016 — O.16M , but the total mass might 



The SNe above, and specifically PTF llkx, can be explained in the frame of the CD 
scenario, as we expect three main mass loss episodes: (1) Before the CE. This is the ordinary 
mass loss of the AGB but enhanced by tidal interaction. (2) The CE ejection. At this stage 
the spir al structure can f orm s e veral shells along the lin e of sight. Some numerical simulations 
- e.g.. lRicker fc Taaml (120121 ); ISandquist et al.l ( 119981 ) — show that the mass loss from a CE 
process occurs in more than one episode, i.e., there are a few peaks in the mass loss rate. In 
particular, along each direction there can be several shells due to the spiral structure that is 
formed during the CE phase, and that can later have imprint in the CSM. These shell would 
contain all together the mass of the AGB envelope when the CE started, so each shell would 
have ~ 0.5 — 3M . (3) During the merger. This mass loss event would eject ~ 0.1 — O.5M . 
It can accelerate some previously ejected gas to higher velocities, e.g., ~ 100 km s _1 . 



THE CASE FOR A MASSIVE CORE- WD MERGER 



When two WD merge to form a super-Chandrasekhar mass WD a huge amount of 
energy is released. Actually, this might give an event brighter than expected from SN la 
explosion, which is one of the problems of the DD scenario. In the present case, the merger 
is of a core of an AGB star and a WD companion (the remnant of the primary star), with 
masses of M core and Mwd, respectively. The final state just before the SN la explosion is 
that the primary accreted a mass AM from the core, and the rest of the mass is expelled. 
The difference in binding energy is between the energy required to unbind the core and the 
energy released by the accretion of mass onto the WD: 

.G(M WD + 0.5AM) AM 



AE, 



G 



0.5- 



T 



IWD R core 

where V ~ 0.5 is a parameter that depends on the properties of the core. We assume an 
adiabatic index of 7 = 5/3 as the core is hot, and took a coefficient of 0.5 in the first term 
of equation (CE]). For the typical parameters used here the gravitational energy released is 

A£ G (erg) ~ 1.9 x 10 50 



M WD + 0.5AM^j 



1.3M 
1.3 x 10 50 



AM 



O.6M 



R 



WD 



r 

bis 



Mr, 



1M 



5400 km 

Rcore 

10 4 km 



(2) 



The radius of a WD of mass 1M is 6000 km (IProvencal et al.lll998l ). But as matter is 
accreted onto the cold massive WD its radius shrinks. However, this will not release much 
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energy as the matter in the center is relativistic, and the adiabatic index 7 is close to the full 
relativistic value 4/3. For 7 = 4/3, the marginally-stable value, no energy is released as the 
star contracts in hydrostatic equilibrium. Here it is not fully relativistic, but the adiabatic 
index is still below 5/3 and not much energy will be released. The binding energy o f a WD 



at the critical mass of 1.4M is Eb = —5.5 x 10 50 erg (e.g., Ilbanez Cabanelllll984l ). For a 
merger WD mass of 1.4M Q and 7 = 5/3 the corresponding radius is 4700 km. We conclude 
that not much energy will be released by the contraction of the accreting cold WD, and took 
an effective radius of 5400 km. 

The conclusion is that the total energy that has to be radiated before the explosion is 
E pve ~ several x 10 49 erg. This is very sensitive to the parameters due to the subtraction of 
two very close values. For example, adopting M WD = 1.1M Q and AM = O.45M , and using 
the same formalism we find the released energy to be ~ 10 49 erg. The total energy released 
in radiation can be larger than that emitted during the SN explosion itself! However, the 
model assumes (something that needs verification) that the building of the merger remnant 
to the point it explodes lasts for several years. The time scale is two orders of magnitudes 
longer than that of the SN explosion. The bolometric luminosity will be over one order of 
magnitude lower than the SN explosion, and most of the radiation (due to the optically thick 
ejected envelope) be emitted in the IR. This is the reason it avoided detection by different 
surveys in the visible. However, the model predicts that such SN la might have precursor 
lasting several years with 5-10 bolometric magnitudes fainter than the SN explosion, and 
peaks in the near IR. In case the merger is of a lighter core- WD system, then the pre- 
explosion total energy released might be much larger. But in that case the delay will be 
longer, as the central region needs to cool to reach the critical limit for explosion. 



4. THE EVOLUTIONARY ROUTE 

For the progenitor of the explosion we look for systems having the following properties. 

1. The total mass of the secondary core during the final CE phase and the mass of the WD 
remnant of the primary star should be super-Chandrasekhar, M core + Mwd > 1.4M . 
But as discussed in the previous section, to prevent a pre-SN explosion outburst, the 
core and WD should be much more massive, M core + M WD > 2M . 

2. The total mass of the envelope at the final CE phase must be as massive as the observed 
CSM. We take it to be M env > 2M , but prefer M env > 4M . 



3. To facilitate merger at the termi nation of th e CE phase we require M env /MwD > 3, 
but prefer a larger number even (jSokerl 120121 ). 
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4. It is likely that an explosion without a delay will t ake place when the c ore is accreted 
onto the cooler WD remnant of the primary star (IKashi Sokerll201ll ). For that the 
density of the core should be lower than the density of the WD. As the core is hot its 
radius is larger than that of a cool WD. The condition reads M corc < 1.5Mwd- 

5. As we require the merger product to be a CO WD, to avoid ONe WDs, we are limited 
to both M core < 1.1M and M WD < 1.1M . 



To examine for such systems we run the population synthesis code described in lGarcia-Berro et al. 



(120121 ). where all details are given. Here, for the sake of conciseness, we only present the 
results for systems that obey the constraints above. In Figure [I] we plot the envelope mass 
of the secondary at the time of merger in the plane M core — Mwd , while in Figure [2] we 
present the ratio of the envelope mass to the WD mass. Note that the likely progenitors of 
PTF llkx are within a region of WD masses between ~ 0.9 and ~ 1.1M Q , while the masses 
of the hydrogen-exhausted core are also within ~ 0.9 and ~ 1.1M . The most restrictive 
conditions are, respectively, conditions 1 and 3. Namely, we find that the progenitors of this 
supernova must fulfill that the total mass of the merged remnant should be larger than 2M , 
and also that the ratio of the envelope mass to the mass of the white dwarf should be larger 
than ~ 3, although other possibilities cannot be presently discarded. 



Dilday et al.l (120121 ) crudely estimate that the fraction of SNe la that exhibit prominent 
circumstellar interaction n ear maximum ligh t is ~ 0.1 — 1%. As ~ 1—2 SN la occur 



per 1000M Q stars formed (IMaoz et al.l 120121 ). the estimate of iDilday et al.l (120121 ) stands 
at ~ 0.001 - 0.02 SN la with massive CSM per 1000M o stars formed. Our Monte Carlo 
simulations show that the frequency of these systems with the conditions listed above is 0.002 
per 1OOOM stars formed. If we relax the assumption on the core+WD mass and the envelope 
mass to M core +M WD > 1.8M (instead of M core +M WD > 2M ), and M env > O.5M (instead 
of M env > 4M ), respectively, we find 0.016 systems to obey the condition per 1OOOM stars 
formed. The later envelope mass might be appropriate to SN 2005gj. We conclude that 
the CD scenario can satisfactorily explain all the observed properties of PTF llkx and, 
moreover, that the number of expected progenitors with massive CSM is consistent with the 
observations. 



5. SUMMARY 



The conclusion that the presence of any CS M around a SN la imp lies its association 
with the single-degenerate (SD) scenario — e.g., [Sternberg et al.l (120111 ) — is problematic, 
in particular in cases where the CSM mass within ~ 1000 AU is > 0.01M Q . An explosion 
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set by the merger of a WD companion with the core of the giant star nat urally occurs within 
a massive CSM — the ejected common envelope (jLivio &: Riesd 120031 ). The formation of 
super Chandrasekhar WDs through the merger of a WD with the core at the termination of 
the CE phase as an explanation for most (or even all) SN la is termed the core-degenerate 
scenario (CD). The CD scenario can occur for a large range of WD masses. For the majority 
of the systems the WD is destructed and accreted onto the more massive core. For a specific, 
narrow range of WD and envelope masses, a SN la explosion with H-rich environment like 
PTF llkx can occur. 



We find the association of the SN la P TF llkx (IDildav et al.ll2012f) with the SD scenario 



to be unlikely due to the massive CSM ( IDildav et al. 



20121 ). Instead, we found that the 



merger of a massive WD with a massive core, as marked by the thick line on the upper 
right corner of Figures [T] and [21 to be able to account for the properties of PTF llkx. We 
also found from our population synthesis calculations that the number of systems with large 
total mass of the WD and core match the number of SN la with massive CSM as deduced 



from observations. Adding the recent finding of lllkov fc Sokerl (l2012bl ) from a population 
synthesis study that the CD scenario can account for most, or even all, SNe la, we conclude 
that the CD scenario is a main channel for the formation of SNe la. 
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EUROGENESIS project (grant EUI2009-04167). 
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Fig. 1. — Mass of the envelope of the giant as a function of the mass of the primary white 
dwarf and of the mass of the hydrogen-exhausted core of the secondary. The different color 
scales denote different masses of the envelope. The brown scale corresponds to relatively 
small masses of the envelope (2 < M env /M < 3), the gray scale corresponds to intermediate 
masses (3 < M env /M & < 4), while the blue scale has been selected to show the masses of 
interest for the scenario described in the main text (4 < M env /M Q < 5). Also plotted are 
the constrains given by conditions 1 and 4. For the sake of clarity, the region corresponding 
to the likely progenitors of PTF llkx has been highlighted. 
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Fig. 2. — Ratio of the mass of the envelope of the secondary to the mass of the primary white 
dwarf, as given by the colored bar, as a function of the mass of the primary white dwarf and 
of the hydrogen-exhausted core of the secondary. The rest of the lines are the same shown 
in Figure [TJ Again, the region of likely progenitors of PTF llkx has been conveniently 
highlighted in this plane. 



